Introduction
It has recently been shown with radish (Raphanus sativus L. var. sativus) seeds that the biosynthesis of sinapine (O-sinapoylcholine), which is stored in seeds of m em bers of the Brassicaceae [1] [2] [3] , is catalyzed by 1-sinapoylglucose: choline sinapoyltransferase (SCT) [4] , SCT l-Sinapoylglucose + C h o lin e-----> Sinapine + Glucose
The enzyme exhibits high activities in immature radish seeds when sinapine is rapidly accumulated. During the last stages of seed ripening the activity decreases, but is still detectable in the m ature seed. This activity has been surveyed in members of the Brassicaceae and it was found that SCT is widely distributed within this plant family and its activity is positively correlated with the quantity of sinapine stored in the seeds [5] . In this paper we report partial purification and some properties of SCT from two plant sources, seeds of radish and m ustard.
Materials and Methods

Chemicals
M aterials for column chrom atography were ob tained from M acherey, Nagel & C o., D üren, FRG (MN polyamide CC6), Pharm acia, U ppsala, Sweden (Carboxym ethyl(CM )-Sepharose), and LKB, Grä-felfing, FRG (Ultrogel AcA 44).
l-Sinapoylglucose (l-0-sinapoyl-ß-D-glucose) [7] and 1-feruloylglucose were isolated from 3-day-old radish seedlings; l-/?-coumaroylglucose was from petals of Antirrhinum majus [8] and 6,3'-di-0-sinapoylsucrose from radish seeds [7] . Extraction and procedures of chrom atography were published elsewhere [9] . 6-Sinapoylglucose and 3-sinapoylfructose were produced by treatm ent of disinapoylsucrose with 1 n HC1 for 15 min at 100 °C and the m ono esters isolated by polyamide column chrom atogra phy and thin layer chrom atography on microcrystal line cellulose [9] . 1,2-Di-O-sinapoyl-ß-D-glucose was isolated from dark-grown radish seedlings [10] . 1-Benzoylglucose and 1-galloylglucose were gifts from Profs. W. Barz (M ünster, FR G ) and G. G. Gross (Ulm, FR G ), respectively.
Plant material
Seeds of radish (Raphanus sativus L. var. sativus cv. Saxa) and m ustard (Sinapis alba L.) were pur chased from Zwaan & Co Samenzucht G m bH , Kleve, and Schmitz & Laux, H ilden, FRG , respec tively. Growing conditions for the radish seedlings were the same as described previously [6] .
Standard enzym e assay and activity determination
The standard reaction mixture contained 30 |^1 of 100 mM potassium phosphate buffer (pH 7.2 for SCT from radish, pH 7.6 for SCT from m ustard), 10 [xl protein solution, 50 i^l l-0-sinapoyl-ß-D-glucose (1.9 m M in H 20 ) , and 10 ^il choline chloride (300 m M in H 20 ) . This mixture was incubated at 30 °C for 2 h and the reaction stopped by transferring to a freezer ( -20 °C). Enzyme activities were determ ined by H PLC as described previously [5] . 20 ( 0.1 of reaction mixture was injected to a prepacked RP-8-column (5 n-rn, 250 x 4 mm; Merck, D arm stadt, FRG ) de veloped isocratically using 30% acetonitrile, 15% glacial acetic acid, 1% or^o-phosphoric acid, and 0.05% sodium dodecyl sulfate in water at a flow rate of 1 ml m in-1. Sinapine isolated from radish seeds [5] was used as the standard for quantifications. Identifi cation of sinapine as reaction product was described elsewhere [4] . O ther hydroxycinnamoylcholines form ed were tentatively identified by reaction with D ragendorff's reagent on thin-layer plates and chrom atographic behaviour in HPLC [5] .
Protein estimation
Protein contents were determ ined by the m ethod of Bradford [11] using bovine serum albumin as standard.
Gel electrophoresis
Sodium dodecyl sulfate-gel electrophoresis (slab gel SD S-PA G E) was perform ed according to Laemmli [12] and Laemmli and Favre [13] .
Protein preparation
Step i: Preparation o f crude extract. Seeds from radish or m ustard (20 g) were frozen with liquid ni trogen and ground (15 min) in a precooled (4 °C) m ortar in the presence of 10 g insoluble Polyclar AT, 20 g quartz sand and 380 ml potassium phosphate buffer (100 m M , pH 6.5). The hom ogenate was poured into a precooled beaker, allowed to stand for 45 min under continuous stirring, then passed through two layers of cheese cloth, and the filtrate centrifuged at 20,000 x g for 45 min.
Step ii: A m m onium sulfate fractionation. Solid am monium sulfate was added to the supernatant solu tion (see step i) to obtain 35% saturation. The pre cipitate was removed by centrifugation (30 min at 20,000 x g) and the supernatant was raised to 65% saturation. A fter stirring for 30 min the precipitated protein was collected by centrifugation. The protein was dissolved in 32 ml of potassium phosphate buffer and the solution dialyzed for 12 h against 2 changes of 4 1 of the same buffer.
Step iii: Heat treatment. The protein fraction ob tained from ammonium sulfate precipitation was kept at 65 °C for 10 min, cooled down to 4 °C, and centrifuged at 48,000 x g for 20 min. The superna tant was used for the subsequent enzyme purifica tion.
Step iv: Ion exchange on CM-Sepharose. The pro tein solution (see step iii) was chrom atographed on a CM -Sepharose column (26 x 3 cm) at a flow rate of 60 ml h -1. The column was washed with 180 ml citric acid buffer (0.02 m , pH 5.0) before the following linear gradient was applied: 200 ml 0.02 to 0.3 m cit ric acid buffer followed by 100 ml 2 m of the same buffer. Ten-ml fractions were collected. Fractions containing high SCT activities were pooled. Protein was concentrated by ammonium sulfate precipitation (70% saturation).
Step v: Molecular exclusion on Ultrogel A cA 44. The pooled, ammonium-sulfate precipitated protein obtained from chrom atography on CM -Sepharose was dissolved in 3.8 ml 0.1 m potassium phosphate buffer (pH 7.0) and was applied to an Ultrogel AcA 44 column (85 x 2 cm). Protein was eluted with 0.05 m potassium phosphate buffer (pH 7) at a flow rate of 10 ml h -1. Three-m l fractions were collected. Fractions containing high SCT activities were treated with ammonium sulfate (70% saturation) and the precipitated protein collected by centrifugation (48,000 x g for 20 min). This protein, redissolved in 0.1 m potassium phosphate buffer (pH 7.0) and dialyzed against this buffer, was used as the partially purified SCT for the investigation of its physical and kinetic properties.
Enzym e characterization
Molecular weight. The apparent m olecular weights (daltons) of the SCT's were determ ined on an Ultrogel AcA 44 column (see above) using the following reference proteins (Serva, H eidelberg, FRG ): cyto chrome C (12,300), myoglobin (17,800), chymotrypsinogen (25,000), ovalbumin (45,000), bovine serum albumin (67,000), and aldolase (160,000). Energy o f activation. Initial velocities of enzymecatalyzed reactions were determ ined at different tem peratures (10 to 80 °C) and the apparent energies of activation were estim ated from A rrhenius plots.
Kinetic properties. A pparent K m and Vmax values were graphically estim ated according to Lineweaver and Burk [14] . Properties for the acceptor (choline) and the donor ( 1-sinapoylglucose) were determ ined at four fixed concentrations of the second substrate. Table I summarizes preparations of SCT from seeds of radish and m ustard. Typical purification steps (iv and v) by means of ion exchange and molecu lar exclusion column chrom atography are shown in Figs. 1 and 2 . The protein preparation was optimized with radish protein and was applied to m ustard, yielding 420-and 293-fold SCT purifications at yields of 18 and 3% , respectively. The apparent m olecular weights of the SCT's determ ined by molecular exclu sion on Ultrogel AcA 44 were near 60,000 daltons. Slab gel SDS-PAGE still showed several protein bands after staining with Coomassie Brilliant Blue R250. We did not make an effort to purify SCT's further to achieve homogeneity.
Results and Discussion
E nzym e purification
When the partially purified enzymes from radish and mustard were stored at -20 °C for 14 days and repeatedly thawed and refrozen, no loss of the initial activities was observed. In crude extracts, however, both SCT's lost ca. 20% of activity when stored at -20 °C for 1 week. A m arked difference in enzyme stabilities was observed when the effect of SDS was tested on the partially purified enzymes. W hile the SCT from radish exhibited at 0.05% SDS only 8% , the SCT from mustard still showed ca. 90% of the activity determ ined without the addition of SDS.
Properties o f enzyme activity
Linearity. The formation of sinapine was linear with time up to at least 8 h and with protein concen tration up to 400 |xg of protein.
p H and temperature optimum. The effect of pH on the catalytic properties of SCT was tested from pH 5.5 to 10. Highest activities were found at pH 7.2 (radish) and pH 7.6 (mustard) in potassium phos phate buffer with constant activities at a range be tween 10 to 300 m M .
Maximal initial reaction velocities were obtained at 45 °C and the apparent activation energy (A r rhenius) was found to be at 53 kJ m ol-1. A rrhenius plots showed no discontinuity.
Divalent cations and sulfhydryl reagents. Mg2+, Mn2+, Ca2+ and Co2+ had no influence on enzyme activities at concentrations up to 1 m M and exhibited, with the exception of Mg2+, strong inhibitions above 5 m M . E D T A at 10 m M inhibited the activity of the SCT from radish by ca. 55% , however, the SCT from mustard only by ca. 15%. There was also an inhibi tion when sulfhydryl reagents, such as D TT (dithiothreitol) or D TE (dithioerythritol), were included in the reaction mixtures, showing ca. 50% inhibition at 2 mM with total inhibition at ca. 20 mM for both en zymes.
Substrate specificity. Both enzymes showed an ab solute acceptor specificity towards choline (compare ref. [4] ) and a pronounced donor specificity towards 1-sinapoylglucose (Table II) . The apparent K m values, as graphically determ ined according to Lineweaver and Burk [14] were 0.48 and 0.71 mM for 1-sinapoylglucose and 5.3 and 6.5 mM for choline for the radish and m ustard enzyme, respectively. The ratios of the Vmax app/ K m app values for 1-sinapoyl-, 1-feruloyl-and l-/?-coumaroylglucose were found to be 100:19:9 (radish) and 100:20:29 (m ustard). It is inter esting to note that 6-0-sinapoylglucose was not ac cepted at all as donor. This result substantiates the hypothesis that from a therm odynam ic point of view the form ation of an ester via the energy-rich 1-0-acyl glucoside could be predicted (e.g. [15] ). Surprisingly, both SCT's showed highest activities of sinapine for mation when the diester 1 ,2-disinapoylglucose was tested as donor (not included in Table II) The SCT's obviously possess strict specificities to wards C6-C3 acid esters. No activity was observed with 1-0-acyl glucosides of C6-Q acids, such as 1-benzoyl-or 1-galloylglucose tested (Table II) .
The kinetic properties of both enzymes were tested for the possibility of a sequential mechanism of sinapine formation. Double reciprocal plots of the sinapoyltransferase reaction at four fixed concentra tions of 1-sinapoylglucose and choline chloride, re spectively, gave no indication that the K^s for the acceptor and the donor are dependent on the second substrate.
Decrease o f enzyme activity during radish seedling development. In a previous publication on the de velopment of SCT activity in radish seeds [4] it was shown that the extractable enzyme activity correlates well with the in vivo accumulation of sinapine. D arkgreen immature seeds which rapidly accumulate sinapine show highest SCT activities reaching values around 36 pkat seed-1. During the subsequent p ro cesses of seed ripening the activity decreases, but 20% of the maximal activity was still found in the m ature seeds, i.e. ca. 7 pkat [4] , In the present work we found ca. 12 pkat seed-1. This SCT activity rapid ly decreased during seed germination and early stages of seedling development: 80-90% decrease within 48 h, reaching trace activities at day 4 of d e velopment.
Summary and Concluding Remarks
This report describes some characteristics of the partially purified 1-sinapoylglucose:choline sinapoyl transferase (SCT) from radish and mustard seeds. Both enzyme preparations showed pronounced specificities for the form ation of sinapine. However, the enzyme from radish accepted 1-feruloylglucose, while that from m ustard accepted l-/?-coumaroylglucose as the second best donors. Furtherm ore the m ustard enzyme was less affected by E D T A or SDS, indicating a higher stability com pared to the radish enzyme. Since both enzymes were not purified to hom ogeneity, the observed difference in the donor specificity can only carefully be interpreted with re gard to differences in the properties of the same en zyme. It might be possible that activities of some minor analogous transferase activities were present in these protein preparations. As pointed out earlier [5] mem bers of the Brassicaceae show a variety of choline esters of phenolic acids besides the familyspecific sinapine, e.g. feruloyl-, isoferuloyl and hydroxybenzoylcholines, and it would be of interest to study their biosynthesis in the related plants to see if, as in sinapine form ation, 1-0-acyl glucosides are used as activated substrates. In summary this paper and previous reports [4, 5] indicate that the SCT activity can be ascribed to a "sinapine synthase" , regulating the accumulation of sinapine in the seeds of m embers of the Brassicaceae [5] -
